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This paper takes Qingdao Jiaozhou Bay subsea tunnel project as the research object to study the relationship among rock
mechanical parameters and chiseling specific energy and abrasion performance. SPSS22 was used to analyze the correlation
between the parameters. The results show that except for the low correlation with Poisson ratio, all the other parameters in the
single factor correlation analysis have high R. By taking the chiseling specific energy and abrasion performance as dependent
variables, taking each mechanical parameter as an independent variable, multifactor regression analysis and stepwise multifactor
fitting were carried out; it was concluded that the abrasion performance was highly correlated with uniaxial compressive
strength and integrity coefficient, and the chiseling specific energy is highly correlated with uniaxial compressive strength and
softening coefficient. In the process of verifying the fitting models, it is found that, under the influence of quartz vein and
microfissure in the specimens, the chiseling specific energy formula has a higher fitting value, while the fitting formula of

abrasion performance has a higher reference value for the specimens in the study area.

1. Introduction

In recent years, the whole-section tunnel boring machine
(TBM) with its relatively simpler construction organization,
quicker tunneling speed, labor-saving characteristic, and only
one disturbance to the surrounding rock in the construction
process is widely applied in railway tunnel engineering con-
struction [1, 2]. However, this method still has deficiency, such
as high tool wear rate, high driving cost, and surrounding rock
deformation which can easily lead to stuck drilling.

In previous studies, as discussed by Qi et al. [3] and Acar-
oglu et al. [4], they tested on the cutting process of different
TBM blades; the tool ordering and the specific energy
required by TBM are verified and predicted by fuzzy compre-

hensive evaluation and ideal similarity ordering technique.
Or as discussed by Bilgin [5], Sun et al. [6, 7], and Gong
et al. [8-12], they based on different geological conditions
of tunnel projects, analyzing the impact on different types
of tunneling machine drivage efficiency. But in the actual
tunnel construction process, as discussed by Xu et al. [13-
15], there are a large number of original fractures that inter-
sect with the tunnel axis at different angles. Therefore, as dis-
cussed by Wang and Wu [16], Luo [17], Wang and San [18],
Xu [19], and Yang [20] [21-28], local geological conditions
and various mechanical parameters need to be considered
at the same time. Correlation analysis between abrasion per-
formance and its mechanical parameters is carried out by
using regression analysis method.
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Based on the previous studies, the existing studies mainly
focus on the commissioning and prediction of TBM blade
size, cutting angle, and other equipment in the construc-
tion process as well as the relevant numerical simulation,
but there are few studies on the correlation between
mechanical parameters, chiseling specific energy, and abra-
sion performance.

Accordingly, tunnel rock mechanical properties with the
degree of tool wear are directly related. Based on the project
of Jiaozhou Bay subsea tunnel in Qingdao, this paper studies
the correlation between rock mechanical parameters and
chiseling specific energy and abrasion performance and
establishes the corresponding model to estimate the tool wear
and energy loss, so as to save construction time and cost in
the construction process.

The Jiaozhou Bay subsea tunnel is located between Tuan
Island and Xuejia Island of Shandong Peninsula. The length
of the main tunnel is about 6170 m, with a total length of
about 3950 m across the sea.

The intrusive rocks are well developed in the area around
Jiaozhou Bay. Rock types are exposed from ultrabasic to
acidic; the forming time is from Mesoproterozoic to Ceno-
zoic. Among them, the Neoproterozoic Jingningian period,
Sinian period, and Late Mesozoic Yanshanian intermediate-
acid intrusive rocks are the most developed (Figure 1).

This region is located at the boundary of the North China
fault block and the Yangtze fault block; it belongs to the edge
of Jiaonan weak uplift. The most obvious geological structure
of the tunnel site is the Mesozoic and Cenozoic brittle faults.
Regional geological map shows (Figure 2) that the Chaolian
Island fault (®) passes through the bay mouth and intersects
with the tunnel line at a large angle. And the tunnel site is
sandwiched between the Cangkou fault (®) and Pishikou
fault (®), and there must be components or secondary faults
of the above regional faults at the tunnel site. In the sea area,
there are two NE trend faults (Figure 2, 1 and 3) and two NW
trend faults (Figure 2, 4 and 5) that intersect with the tunnel;
the first two faults can be regarded as the components of the
Pishikou fault (), while the last two NW trend faults may be
the components of the South Chaolian Island fault (®)
(Figure 2).

2. Materials and Methods

2.1. Parameter Determination. Three different section gran-
ites within the tunnel excavation interval are selected in this
paper. After determining the chiseling specific energy (Equa-
tion (1)) and the abrasion performance, the uniaxial com-
pressive test (Tables 1 and 2) of the rock was carried out by
the MT150 press machine and the automatic function
recorder.

N+ A,

A
a=—=——> (1)
V. (n/4)«D*xH

where a is the chiseling specific energy (J/cm®), A is the total
impact energy (J), V is the rock volume (cm?®), N is the shock
number, A, is the single impact energy (J), D is the actual
hole diameter (cm), and H is the hole depth (cm).
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FiGure 1: Borehole lithologic photograph.

2.2. Correlation Analysis of Parameters. Based on the experi-
mental data, firstly, the influence of various mechanical
parameters of granite on chiseling specific energy (a) and
abrasion performance (b) and internal correlation are ana-
lyzed by SPSS22 (Statistical Package for the Social Sciences
22) single-factor condition.

a and b are taken as dependent variables; E, 0, 4, Ky, Kp,
and V), were selected for fitting.

The SPSS determines the correlation between variables
based on F test and T test; it is expressed as the correlation
coefficient R (sig < 0.05) (Equation (2)); the partition of the
coeflicient is as follows: no correlation (|R | <0.3), low correla-
tion (0.3 <|R|<0.5), significant correlation (0.5 < |R | <0.8),
and high correlation (0.8 <R |).

e e

2.3. Correlation Analysis of Chiseling Specific Energy and
Mechanical Parameters. The fitting results of a and mechani-
cal parameters obtained by using the quadratic term model
(Figure 3 and Table 3) have the greatest correlation: R of o,
under the condition of using quadratic term model is 0.991,
which is the highest. R of V, is 0.970, R of E; is 0.947, R of
K, is 0.959, and R of K, is 0.978 with sig < 0.05. It indicates
that there is a certain correlation between a and the above
mechanical parameters, among which the correlation with E
is the lowest. In the fitting with g, its sig is greater than 0.05,
indicating that the correlation between them is weak.

2.4. Correlation Analysis of Abrasion Performance and
Mechanical Parameters. The curve fitting results between b
and mechanical parameters are obtained by using the same
algorithm (Figure 4 and Table 4). As can be seen from the fit-
ting results, b has a good correlation with o, under the condi-
tion of using the S model (R = 0.993); under the condition of
using the quadratic term model, the relation between V, E,
Kp, and K, is better, and R is 0.986, 0.966, and 0.987, respec-
tively. It indicates that there is also a high correlation between
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FIGURE 2: Regional geological map. 1: buried fault; 2: thrust fault; 3: normal fault; 4: strike-slip fault; 5: main fault number; 6: geological
boundary; 7: Quaternary. Fault: © Cangkou fault, @ Pishikou fault, ® Wangjiage fault, ® South Chaolian Island fault. <1>: early-middle
Pleistocene buried faults; <2>: pre-Quaternary buried faults; <3>: Quaternary; <4>: Mesozoic; <5>: Proterozoic; <6>: Mesozoic intrusions
(medium acid); <7>: the tunnel route. Fault: (1) Cangkou fault, (2) Xin Island fault, (3) Licang District Government-Huiquanjiao fault, (4)
South Tuan Island fault, (5) North Xuejia Island fault.

TaBLE 1: Table of test results of granite specific energy of chiseling.

Impact hammer High impact hammer

Lithology Sampling range Number of samples Ay(J) N A()) D(cm) H(cm) a (J/em®)

weight (kg) falls (m)
ZK3+306.17 10 1 1.5 400 600 3.8 1.23 43.1
Granite 7ZK3+135.87 10 4 1 1.5 400 600 3.8 1.1 47.9
7ZK2+716.52 10 1 1.5 400 600 3.8 1.19 44.5

TaBLE 2: Granite mechanical test data.

Uniaxial compressive ~ Longitudinal Softening Elastic = Poisson  Integrity =~ Abrasion

f:;nzhng Lithology N;r;belre:f strength wave speed coefficient modulus  ratio  coeflicient performance
8 p o, (MPa) Vp (mis) K,  E(GPa)  u K,  b(1/10mm)

ZK3+306.1 15 122.3 5070 0.762 49.51 0.135 0.66 5.18

ZK3+135.87 Granite 15 123.6 5028 0.763 56.8 0.142 0.87 5.14

ZK2+716.52 15 127.9 4981 0.76 58.5 0.197 0.86 5.01




Geofluids

a(J/em®)
55.00 A 55.00 A \ R
2000 4 5000 1 a=-2.144°6_+0.006°c *+219.474
R =0.991
45.00 45.00
40.00 - g 40.00
R R=0.803
/’/. ./.l
3004 g 35.00 4
o
.I
30.00 +— . . . . —  30.00 . . . . : :
0.10 0.12 0.14 0.16 0.18 0.20 110.00 120.00 130.00 140.00 150.00 160.00 170.00
U o (MPa)
O Data -—-= Composite model fitting O Data -—-= Composite model fitting
— Linear fitting -—-— S model fitting — Linear fitting -—-— S model fitting
""" Quadratic term fitting ~ --- Logistic fitting ----- Quadratic term fitting ~ --- Logistic fitting
(a) (b)
a(J/cm?) a(J/cm?®)
55.00 2 55.00 e
50.00 - 0004  _ FO
45.00 45.00
40.00 - o a =13.383E~0.120*E *-324.3 40.00 -
2 R=05Y 2 a =2146.386"K ,-874.526"K *~639.69
00 4 P P
35.00 4 ',-(’59 3500 £7 75 R = 0.959
/ /s
@) s 0
4
30'00 T T T T T T T 30'00 T T T T T T
45.00 47.50  50.00 52.50 55.00 57.50  60.00 0.750 0.775 0.800 0.825 0.850 0.875
E,(GPa) K
P
O Data -=-- Composite model fitting O Data -—-— Composite model fitting
— Linear fitting == S m?dfl fitting —— Linear fitting -—-— S model fitting
*-= Quadratic term fitting ~ --- Logistic fitting ---- Quadratic term fitting ~ --- Logistic fitting
(© (d)

FiGure 3: Continued.
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F1GURE 3: Chiseling specific energy and mechanical parameter diagram.

TABLE 3: Results of granite physical mechanical parameters and
chiseling specific energy fitting.

a (J/lem?) R
u a=2146.386u — 6314.729u% — 127.210 0.803
0. (MPa) a=-2.1440, + 0.0060, > — 219.474 0.991
E, (GPa) a=13.383E, - 0.120E2 - 324.3 0.947
K, a=1554.238K — 64.865K ,* — 639.69 0.959
Ky a=138.26K — 64.865K > — 21.962 0.978
Vp(m/s)  a=0.135V,+1.105 % 10°V,% -363.077  0.970

b and the above mechanical parameters, among which the cor-
relation with E; is the lowest. In the fitting with y, R (0.776)
< 0.9, indicating a weak correlation between them.

To sum up, it can be seen from the fitting results under
two dependent variable conditions that b has a higher corre-
lation than a; the reason may be that the rock strength char-
acteristics have a more direct impact on b, while a requires a
more comprehensive analysis considering the anisotropy of
rock; the correlations between the two dependent variable
conditions and y are weak.

3. Results and Discussion

In order to explore whether the rock mechanical parameters
have a more comprehensive influence on a and b, based on
multidependent variables, stepwise analysis was carried out.

3.1. Multifactor Regression Analysis Result. On the premise of
taking a and b as dependent variables, the stepwise multifac-
tor fitting shows that, from the fitting ofa,o ., andK punder the
comprehensive influence of model, the highest correlation
was 0.991 (sig < 0.05) (Equation (3), Table 5). From the fit-
ting of b (Equation (4), Table 6), chosen o, and K, the max-
imum correlation is 0.996 (sig < 0.05).

a=40.412-0.281 % 0, + 50.758 * Kp, (3)

b=6.277-0.014 % o, +0.738 * K. (4)

To sum up, in multifactor fitting, a is comprehensively
affected by o, and Kp, while b is comprehensively affected
by o, and K, = (V',/V,)’ (V!p: V, of rock mass; Vp: V
of rock), which are mainly controlled by rock strength and
the development of internal structural plane and fracture
in rock mass. And Kp=(c',+0?%.) (o' o, in saturated
condition; 02 .: 0, in dry condition). K, can better reflect
the water resistance of rock. Therefore, these three inde-
pendent variables can reflect the characteristics of rock
more comprehensively.

3.2. Model Validation. In order to verify the universality of
the two formulas, metamorphic sandstone and granodiorite
were randomly selected in the study area, and experiments
were conducted under the same conditions. In the practical
application, it is found that there is a larger error in the fitting
of mechanical parameters with g, while b has a smaller error.
Therefore, it can be inferred that the fitting formula of b has a
higher preference value for rock in the study area (Table 7).
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FIGURE 4: Abrasion performance and mechanical parameter diagram.

TABLE 4: Results of granite physical mechanical parameters and
abrasion performance fitting.

TaBLE 6: The multifactor regression analysis model coefficient of
abrasion performance.

b (1/10 mm) R
U b=115.3u—343.14% — 4.181 0.776
O'c (MPa) b — e(O.970+82.782/a£) 0.993
E, (GPa) b=0.832E, - 0.008E.> - 17.572 0.960
K, a=105.945K, — 61.270K > — 40.579 0.966
Ky b=9.322K, — 4.937K > + 0.812 0.987
Vp (m/s) a=0.008Vp,+7.1 %1077V, =20.160 0.986

TasBLE 5: The multifactor regression analysis model coefficient of the
chiseling specific energy.

Dependent variable: a

Number Parameter B R R? sig
Constant 98.397 0.000
1 0.9741 0.948
o, -0.407 0.000
Constant 40.412 0.000
2 o, -0.281 0.99 0.982 0.000
Kp 50.758 0.000

The reasons for error are the development of the quartz
vein, the drill abrasive on a quartz vein, and the experimental
rock microfracture developed, causing the actual o, and a to
be lower, while still not excluded is the error caused by the
sample numbers which is not enough. Therefore, influence

Dependent variable: b

Number Parameter B R R? sig
Constant 7.660 0.000
1 0.989 0.977
o, -0.020 0.000
Constant 6.277 0.026
2 a, -0.014 0996  0.993  0.000
Ky 0.738 0.000

factors of the metamorphic sandstone and the magmatic
rocks can be further researched.

4. Conclusions

Taking Qingdao Jiaozhou Bay subsea tunnel as the research
object, this paper conducts research and analysis on the rock
mechanical parameters and a and b, drawing the following
conclusions:

(1) In the process of a single factor variable fitting, a and
b have a high correlation with mechanical properties:
a is negatively correlated with o, under the condition
of using the quadratic curve model. It positively cor-
relates with V,, E,, K/, and Kp. b is negatively corre-
lated with o, under the S model and positively
correlated with V, E, Ky, and K, under the condi-
tion of using the quadratic curve model. But the cor-
relations with p are low
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TaBLE 7: Experimental verification table of chiseling specific energy and abrasion performance.
Litholo Impact hammer High impact hammer Observing group Fitting group
8y weight (kg) falls (m) o.(MPa) Ky Kp b (1/10mm) a (J/lcm®) b (1/10mm) a (J/cm?)
127 49  0.121 5.059 44.534 5.058 45.617
130 48,5 0.123 4.984 42.073 4.988 44.987
Metasandstone 140 47 0195 4.764 40.463 4.737 41.682
148 50 0.124 4.6148 35.063 4.59 36.132
15 ] 148 499 0.199 4.6147 34.063 4.64 36.182
' 121.3 58.34 0.125 5.216 50.501 5.205 53.7
122.2 49.56 0.129 5.189 49.409 52 53.7
Granodiorite 122.9 53.07 0.120 5.169 48.946 5.18 54
125.1 56.6 0.124 5.109 48.588 5.11 54.9
126.8 52.72 0.128 5.064 47.477 5.069 54.9
(2) In the analysis of multifactor linear regression, b [4] O. Acaroglu, L. Ozdemir, and B. Asbury, “A fuzzy logic model
shows a strong correlation with o, and K, (R= to predict specific energy requirement for TBM performance
0.996). a shows a strong correlation with o, and Kp prediction,” Tunnelling and Underground Space Technology,
(R=0.991), which are mainly affected by rock mass vol. 23, no. 5, pp. 600-608, 2008.
strength and anisotropy and can better represent (5] N. Bilgin, “An appraisal of TBM performances in Turkey in
the mechanical properties difficult ground conditions and some recommendations,”
Tunnelling and Underground Space Technology, vol. 57,
(3) Metamorphic sandstone and granodiorite were pp- 265-276, 2016.
selected to verify the fitting models, showing that [6] J. S. Sun, M. Chen, B. G. Chen, W. B. Lu, and C. B. Zhou,
actual b is very close to that of the fitting group. “Numerical simulaiton of influence factors for rock fragmenta-
And the fitting group of a is generally higher; the rea- tion by TBM cutters,” Rock and Soil Mechanics, vol. 32, no. 6,
son is that the model does not fully reflect the fracture p. 1891-07, 2011.
and structural surface development in rock, as well as [7] J. T. Yi, Y. ]. Shang, B. J. Bo, and Y. X. Qu, “Development of
the differences in mineral chemical composition, TBM excavation technology and analyses & countermeasures
which can be further studied of related engineering geological problems,” Journal of Engi-
neering Geology, vol. 13, no. 3, p. 0389-09, 2005.
[8] B. Gong, Y. Jiang, P. Yan, and S. Zhang, “Discrete element
Data Availability numerical simulation of mechanical properties of methane
hydrate-bearing specimen considering deposit angles,” Journal
The test data used to support the findings of this study are of Natural Gas Science and Engineering, vol. 76, article 103182,
included within the article. Readers can obtain data support- 2020.
ing the research results from the test data tables in the paper. [9] B.Gong, Y. Jiang, and L. Chen, “Feasibility investigation of the
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